Introduction {#s1}
============

One of the unique features of flowering plants is the rapidly growing tube produced by the male gametophyte that delivers the sperm cell to the ovule. Produced in the anther and then transferred to the stigmatic surface by wind, insect, bird, animal or direct contact, the pollen grain germinates and a pollen tube emerges. The pollen tube elongates rapidly through the style to find the ovules. The preponderance of pollen tubes relative to the ovules, and the fact that only one tube per ovule will be successful, creates conditions that foster vigorous competition among tubes. Through evolution, this has led to rates of cellular elongation unequalled elsewhere in the plant world. For example, in maize, pollen tubes can grow as fast as 1 cm h^−1^ ([@PLR019C53]). To support this extremely rapid growth, there must be an equally powerful energy transduction mechanism.

The pollen tube presents an excellent model for the study of respiration for several reasons. First, because pollen tubes lack chloroplasts, respiration is not confounded by photosynthesis. Similarly, the commonly used fluorescent probes are not masked by chlorophyll autofluorescence. Second, the pollen tube is heterotrophic ([@PLR019C65]; [@PLR019C22]; [@PLR019C42]) and absorbs prodigious quantities of sugar and other ions from its external environment. Third, pollen tubes are easily grown *in vitro*, including in a well-aerated aqueous environment, allowing for measurement of inputs and outputs, specifically oxygen uptake and carbon dioxide efflux. The speed of growth, together with the large number of tubes that can be sampled at any time, permits short experiments and accurate measurements.

Respiration alone does not support the growth of the pollen tube in lily and tobacco. Aerobic fermentation also plays a role ([@PLR019C87]; [@PLR019C82]), although it is unclear whether this is true for all pollen tubes. In our recent report we showed that when respiration is inhibited, growth stops briefly before resuming using aerobic fermentation as the source of energy ([@PLR019C82]). During this brief cessation of growth, processes such as cyclosis continue while others stop. These data suggest the need to account for the energy budgeting of the cell. This need has led to the present review.

The article summarizes historical work and current knowledge concerning the energy poise of the pollen tube. Recent research on pollen tube growth has focused on molecular mechanisms, particularly the signalling and control networks. Yet, these mechanisms must function in the physiological context of the cell. We strive to synthesize data from both physiological and molecular approaches to give a clearer understanding of growth regulation. We first describe what is known about respiration and energy production in the pollen tube. We then discuss why pollen tubes need so much energy by investigating the cell\'s ATP demands. The role of energy homeostasis and mitochondrial localization is also considered. Finally, we examine various outstanding questions that remain to be answered concerning pollen tube energetics.

Respiration {#s2}
===========

Pollen tubes are heterotrophic {#s2a}
------------------------------

Pollen of many species germinates in water alone ([@PLR019C38]). Nevertheless, *in vitro* studies of pollen generally include a growth medium with 5--10 % sugar. Many different sugars have been used in growth media, although sucrose generally shows the best germination and growth rates ([@PLR019C92]). Whether this added sugar acts merely as an osmoticum, or whether it is absorbed and metabolized by the pollen grains or tubes, received early research attention ([@PLR019C92]). Using ^14^C-labelled sugar, [@PLR019C65], [@PLR019C66]) showed that the carbon dioxide produced by growing pollen tubes contained the labelled carbon. This work also demonstrated that pollen from *Lonicera japonica*, *Tecoma radicans* and *Nicotiana tabacum* grew better in sucrose than in other sugars. Subsequent work using labelled glucose injected into lily styles showed that pollen tubes absorbed the glucose and used it to construct the growing cell walls ([@PLR019C42]). These data show that the growing pollen tube is heterotrophic, absorbing sugars for energy and for construction of the cell wall. This is not surprising given the extremely rapid growth, together with the large increase in cell volume and deposition of cell wall material that occurs between pollen grain germination and fertilization of the ovule.

The pollen tube has evolved the machinery for ample respiratory production {#s2b}
--------------------------------------------------------------------------

Several lines of evidence show that the pollen grain builds a substantial respiratory apparatus to support the rapid growth of the pollen tube. Even before germination, maize pollen grains have been shown to have 20 times more mitochondria than sporophytic cells ([@PLR019C44]). Growing tobacco pollen tubes respire at a rate ∼10 times higher than that of sporophytic tissues ([@PLR019C87]). In addition, [@PLR019C37] showed that purified lily FoF1 ATPases from pollen tubes respired at 20 times the rate of bulb ATPases and almost twice the rate of leaf ATPases.

To examine the genes necessary for pollen tube growth, a number of research groups have performed transcriptome profiling on various stages of pollen grain maturation ([@PLR019C91]; [@PLR019C2]). The analysis of the growing pollen tube has proved less productive. Nevertheless, a few recent studies have compared the transcriptome in pollen grains and growing pollen tubes in both *Arabidopsis thaliana* (arabidopsis) and *Oryza sativa* ([@PLR019C98]; [@PLR019C77]; [@PLR019C101]). Pollen tubes were shown not to express the alternative oxidase (AOX) ([@PLR019C29]). In most plant mitochondria, AOX allows for a shunt in the electron transport chain during biotic and abiotic stress ([@PLR019C85]). This finding suggests that full-on energy-generating respiration is very important to the pollen tube. Of course, transcriptome profiling only gives part of the picture. It does not report protein levels or turnover and it does not describe mRNA longevity. Proteomic comparison of mature rice pollen to growing pollen tubes reveals a substantial up-regulation of carbon metabolism proteins ([@PLR019C18]), showing that the pollen tube dramatically up-regulates its respiratory machinery as growth begins.

Pollen tubes respire at extremely high rates {#s2c}
--------------------------------------------

Pollen tubes readily germinate and grow in either a Clarke oxygen electrode or a Warburg flask, and thus are a good choice for investigating respiration. As a result, oxygen consumption by lily pollen was measured nearly 50 years ago ([@PLR019C19], [@PLR019C20], [@PLR019C21], [@PLR019C22]). These experiments revealed three phases of respiration using bulk lily pollen cultures. The first phase, that of rapid respiration, lasted ∼30 min and preceded germination ([@PLR019C19]). During the second phase, respiration slowed to ∼40 % of the initial rate while the cells germinated and began growing ([@PLR019C19]). The final phase continued indefinitely and was the phase of highest respiration, roughly double that of phase 2 ([@PLR019C19]). In a subsequent study, [@PLR019C22] showed that sugar conversion to starch was most rapid before germination, i.e. during the initial period of high respiration. This suggests that in the pre-germination phase, the cell is preparing for the energetic demands of the high respiration observed in phase 3.

The work of [@PLR019C19], [@PLR019C22]) is supported by studies performed on isolated mitochondria from pollen of several species. [@PLR019C33] isolated mitochondria from *Typha latifolia*, *Nicotiana alata*, *Tradescantia paludosa* and *Aster tripolium* pollen, and compared respiration rates in different sugars and with different inhibitors. He concluded that all of the pollen samples had mitochondria capable of very high levels of respiration but that the developmental stage of the mitochondria at pollen maturity varies and that this influences germination ([@PLR019C33]). After ultrastructural examinations, [@PLR019C33] showed that more recent plant lineages with tri-cellular rather than bi-cellular pollen tend to have more mature mitochondria at grain maturity, with the pollen tubes from these species tending to grow more rapidly than those from bi-cellular grains ([@PLR019C33]; [@PLR019C34]).

Pollen tubes grow through the style and oxygen diffusion is perforce affected by the local environment. Tobacco has a solid style whereas lily has a hollow style, which presumably allows for more rapid oxygen diffusion. [@PLR019C48], working with various cultivars of *Hippeastrum*, showed that, within the style of an unpollinated stigma, there are regions with substantially different oxygen partial pressure (pO~2~). Most dramatically, they showed that pO~2~ varies as the pollen tubes grow down the style. Indeed, the tip of the growing pollen tubes corresponds to the site of lowest pO~2~ ([@PLR019C48]), indicating that the tip in particular consumed substantial amounts of oxygen as it grew through the style.

The activity of the mitochondrial electron transport chain can be assessed directly by measuring the fluorescence from NAD(P)H ([@PLR019C11]; [@PLR019C82]). Taking advantage of the endogenous fluorescence properties of this cofactor, in which the reduced form is more fluorescent than the oxidized form, [@PLR019C11] have shown that the activity of the electron transport chain oscillates in tandem with oscillatory changes in pollen tube growth rate. Statistical analyses of these data further reveal that the increase in the oxidized form (NAD(P)^+^) precedes the increase in growth ([@PLR019C11]; [@PLR019C82]) (Fig. [1](#PLR019F1){ref-type="fig"}). These observations directly link growth rate and oxidative phosphorylation. Fig. 1**Lily pollen tubes and growth rate oscillations.** (A) Lily pollen tubes imaged using different techniques. DIC is a differential image contrast micrograph of a growing lily pollen tube. NAD(P)H shows fluorescence from endogenous NAD(P)H ([@PLR019C11]). Life-act shows labelling with Life-act-GFP, which labels actin ([@PLR019C97]). PI shows propidium iodide fluorescence labelling the cell wall ([@PLR019C55]). BCECF represents a pollen tube injected with dextranated BCECF, a ratiometric dye for pH ([@PLR019C24]). Fura-2 is a cell injected with Fura-2 dextran, a Ca^2+^-sensitive ratiometric dye ([@PLR019C71]). FM4-64 stains membranes, primarily involved with exocytosis ([@PLR019C68]). Mito-FM shows Mitrotracker-FM staining of mitochondria ([@PLR019C51]). The scale bar represents 10 µm. (B) Growth rate oscillations (black) continue during growth in oligomycin. The arrow denotes addition of oligomycin. The blue trace represents NAD(P)H signal. NAD(P)H does not oscillate during growth in oligomycin. The figure was originally printed in [@PLR019C82].

Several studies have attempted to elucidate the role of the electron transport chain using oligomycin. For example, [@PLR019C30] showed that, over periods of growth longer than 12 h, oligomycin, which blocks the final step in ATP synthesis, inhibits growth. Interestingly, the drug did not inhibit tobacco pollen germination ([@PLR019C30]). Other work demonstrated that oligomycin inhibits growth in lily even in short-term experiments (\<2 h) ([@PLR019C20]; [@PLR019C82]). Taken together, these studies further underscore the role of respiration in driving pollen tube growth. They also suggest that in the pollen grain and shortly following imbibition, a rapidly respiring chondriome emerges to meet the pollen tube\'s energetic needs.

Aerobic fermentation {#s2d}
--------------------

While the studies noted above highlight the massive energy needs and the role of respiration during pollen tube growth, these cells, like many other plant cells, can use fermentation during oxygen stress to produce ethanol and ATP. Surprisingly, tobacco and petunia pollen produce ethanol even in the absence of oxygen stress ([@PLR019C7]). Using genetic and biochemical tools, Kuhlemeier and co-workers ([@PLR019C89]; [@PLR019C57]; [@PLR019C30]) dissected a pathway that they termed the pyruvate dehydrogenase (PDH) bypass (Fig. [2](#PLR019F2){ref-type="fig"}). In a series of experiments using ^14^C-ethanol, [@PLR019C57] showed that growing tobacco pollen tubes could use ethanol to support respiration through the citric acid cycle and lipid biosynthesis. Later, they showed that the presence of this bypass gave a competitive advantage to petunia pollen tubes over pollen tubes from a deletion mutant for the critical enzyme pyruvate decarboxylase (PDC) ([@PLR019C30]). The proposed pathway uses PDC to shunt pyruvate into either acetate or ethanol (Fig. [2](#PLR019F2){ref-type="fig"}). Acetate can then be further processed to acetyl-CoA by acetyl-CoA synthetase ([@PLR019C89]; [@PLR019C30]). [@PLR019C30] suggest that the massive energetic and lipid demands of the growing pollen tube led to the adaptation of this pre-existing pathway to give the pollen tube a growth advantage ([@PLR019C30]). The PDH bypass has been subsequently shown to be functional in sporophytic tissue in arabidopsis ([@PLR019C100]). Although the PDH bypass has not been demonstrated in lily pollen, pollen tubes from this species are able to grow in the absence of aerobic respiration ([@PLR019C82]) (Fig. [1](#PLR019F1){ref-type="fig"}B). Indeed, during growth in oligomycin, lily pollen produces substantial quantities of ethanol, presumably to support continued ATP production ([@PLR019C82]) (Fig. [2](#PLR019F2){ref-type="fig"}B). However, the characteristics of the growth are changed dramatically. The pollen tubes grow at ∼50 % of control rate and the NAD(P)H signal no longer correlates with the growth rate. Most unexpectedly, the cells still oscillate in growth rate although the oscillations have a longer wavelength when compared with controls ([@PLR019C82]) (Fig. [1](#PLR019F1){ref-type="fig"}B). Fig. 2**(A) Pyruvate dehydrogenase bypass redrawn from [@PLR019C30].** (B) Oligomycin treatment increasing ethanol production rate. In (B) pollen tubes were grown in lily pollen growth medium for 70 min before the addition of oligomycin to a final concentration of 40 μM (arrow) to half of the cells. The black solid line represents ethanol concentration in the KCN-treated samples. The dashed line represents the control sample. The experiment was performed in quintuplicate and the error bar represents standard deviation. Figure from [@PLR019C82].

Energy transduction {#s2e}
-------------------

Rapid pollen tube growth requires high rates of energy flow from starch and sugars into cellular metabolism and development. In this section we will review what is known and make suggestions about the energetic demands of the growing pollen tube. The respiratory load of a given organism comes from the sum of growth, ion uptake and maintenance ([@PLR019C5]). As a conceptual model, this is usually stated as *r* = *r*~G~ + *r*~U~ + *r*~M~, where *r* is total respiration, *r*~G~ is the respiration necessary for the growth rate, *r*~U~ is the respiration for nutrient uptake and *r*~M~ is the respiration for maintenance. From this simple conceptual model, it is clear that due to their rapid growth rate, pollen cells need to transduce much more energy per unit of dry weight than most other types of plant cell. Pollen cells must also maintain a constant influx of ions and sugars in order to maintain the membrane potential and turgor given the ever-increasing volume ([@PLR019C5]). Before we investigate where ATP is required in the cell, a rough estimate of how much ATP is available at any given time would be helpful. ATP production by a growing pollen tube can be calculated from oxygen consumption data. Using an oxygen consumption rate ([@PLR019C19]; [@PLR019C82]) of 4 nmol mg^−1^ min^−1^, a P/O ratio of 3 ([@PLR019C19]) and an estimate of 4490 grains of pollen mg^−1^ in lily, the pollen tube synthesizes ∼4.4 × 10^−14^ mol of ATP grain^−1^ s^−1^ (Table [1](#PLR019TB1){ref-type="table"}). Table 1Summary of ATP turnover in growing pollen tubes. This table lists several significant processes that require ATP turnover in the growing pollen tube. The Evidence column describes the type of data used for making the calculations contained in the text.ProcessAbsolute rate (1 × 10^−14^ mol^--s^)Relative rateEvidenceReferenceRespiration44 × 10^−14^100 %O~2~ consumption by electrode[@PLR019C19] and [@PLR019C82]Membrane potential/turgor0.1 × 10^−14^(2--3 %)Growth, \[K^+^\], H^+^ flux[@PLR019C60] and [@PLR019C79]Cyclosisn.a.(0.2 %)*Chara coralina* myosin activity[@PLR019C36]Wall synthesis0.41 × 10^−14^(10 %)Growth, polyhexose synthesis[@PLR019C79] and [@PLR019C112]Actinn.a.(50 %)Chicken neuron inhibition studies[@PLR019C4]Protein synthesisn.a.TraceInhibition studies of pollen[@PLR019C34], [@PLR019C33] and [@PLR019C83]Unaccounted for35 %

Several processes are likely to be energy intensive. For example, once the tube begins expanding, it grows by balancing turgor pressure and the extensibility of the apical cell wall ([@PLR019C102]). Maintenance of turgor pressure requires constant transport of ions. The cell wall must be synthesized and a great deal of vesicle trafficking occurs to effect the rapid additions to the cell wall (Fig. [1](#PLR019F1){ref-type="fig"}A: PI) ([@PLR019C55]; [@PLR019C109]). In turn, this vesicle trafficking relies on actin dynamics and the coordination of many small GTPases ([@PLR019C95]; [@PLR019C96]; [@PLR019C31]; [@PLR019C84]; [@PLR019C14]; [@PLR019C12]; [@PLR019C46]; [@PLR019C41]). We will review the data concerning ion fluxes, osmoregulation, synthesis of pectin and proteins, vesicle trafficking, actin dynamics and cyclosis. All these processes require ATP hydrolysis either directly or indirectly through GTP.

Ion fluxes {#s2f}
----------

Ion fluxes and gradients within the pollen tube tip have received considerable research attention. Inward gradients of Ca^2+^ ([@PLR019C78]; [@PLR019C63]; [@PLR019C71]) and H^+^ ([@PLR019C58]; [@PLR019C24]; [@PLR019C50]) have been shown by several groups. In addition, external influx of Ca^2+^ ([@PLR019C71]), K^+^ ([@PLR019C60]) and H^+^ ([@PLR019C60]; [@PLR019C13]) and efflux of Cl^−^ ([@PLR019C111]) have been measured. The ion gradient that has received the most attention is that of Ca^2+^ (Fig. [1](#PLR019F1){ref-type="fig"}, Fura). While no individual channel or pump mechanism has emerged, it has been proposed that the gradient is regulated by stretch-activated channels ([@PLR019C23]), reactive oxygen species (ROS), Rho of plants ([@PLR019C106]), [d]{.smallcaps}-serine ([@PLR019C62]), outward-directed Ca^2+^ ATPases ([@PLR019C103]) and cyclic nucleotide-gated channels ([@PLR019C27]; [@PLR019C104]). It is probable that several of these play a role, although definitive evidence is lacking.

In recent years, the H^+^ gradient has emerged as a potentially important feature ([@PLR019C50]). The first investigations suggested that pollen tubes lacked a consistent pH gradient ([@PLR019C26]; [@PLR019C58]). But by lowering the concentration of the dye to avoid a buffering effect, more recent work shows not only a consistent gradient, but also a subapical alkaline band ([@PLR019C24]; [@PLR019C50]). These features match the distribution of H^+^ ATPases in tobacco pollen tubes, suggesting that the creation of the gradient and the band may rely on these pumps ([@PLR019C13]).

Ion fluxes have received somewhat less attention. The magnitudes of Cl^−^ efflux and H^+^ influx are in dispute ([@PLR019C81]). Along with the K^+^ influx, the influx of H^+^ at the tip is thought to be related to volume changes during growth but to be relatively passive ([@PLR019C60]; [@PLR019C59]). The dramatic Cl^−^ effluxes that are in phase with growth may also be connected to volume changes at the tip but are not thought to involve ATPases ([@PLR019C111]). Ca^2+^ influx has been better characterized. Particularly striking is the finding that the external efflux does not occur at the same time as increases in the internal gradient ([@PLR019C112]), suggesting different mechanisms. All these ion movements should follow their electrochemical gradients and thus not require ATP hydrolysis directly. One probable and potentially very large sink for ATP is the plasma membrane H^+^ ATPases. These localize along the shank but are excluded from the tip in tobacco pollen tubes ([@PLR019C13]). H^+^ efflux in the subapical zone of lily and tobacco has been observed, although the presence of this efflux zone is in dispute (Fig. [1](#PLR019F1){ref-type="fig"}) ([@PLR019C24]; [@PLR019C81]; [@PLR019C59]). The presence of the efflux zone could explain the alkaline band observed in lily (Fig. [1](#PLR019F1){ref-type="fig"}A) ([@PLR019C24]; [@PLR019C50]). Much remains unclear concerning ion fluxes and gradients into and within the pollen tube. Some of the ion fluxes have particular bearing on osmoregulation (see below).

Osmoregulation {#s2g}
--------------

Pollen tubes and grains depend on the activity of plasma membrane H^+^ ATPases to sustain an inwardly negative electrical membrane potential, which drives the passive accumulation of solutes and maintains turgor pressure ([@PLR019C80]; [@PLR019C47]; [@PLR019C13]; [@PLR019C61]; [@PLR019C70]). While turgor pressure in a population of pollen tubes may vary from cell to cell, the pressure in individual pollen tubes does not vary despite massive changes in volume over hours of rapid growth ([@PLR019C3]; [@PLR019C102]). The pollen tube\'s rapid growth means a continuous, ongoing volume change. This, in turn, requires a continuous uptake of solutes and adjustment of the plasma membrane potential to maintain turgor. In guard cells, dramatic hyperpolarizations occur to draw K^+^ into the cell ([@PLR019C93]; [@PLR019C39]). Similar changes in plasma membrane potential have not been seen in pollen tubes ([@PLR019C60]; [@PLR019C59]). It has been proposed that these influxes are part of maintaining the osmolarity of the added volume of the growing pollen tube ([@PLR019C60]; [@PLR019C59]). Because the external concentration of K^+^ is typically ∼100× lower than the internal concentration (external 1--3 mM, internal 125 mM), K^+^ uptake must be driven by an electrochemical energy gradient, generated by the pumping of H^+^ across the plasma membrane.

To estimate K^+^ ion flux into a growing pollen tube, we used the following equations and assumptions: Combining terms, where *r* is the mean radius of the pollen tube cell (8.0 × 10^−6^ m), d*x/*d*t* is the rate of increase in length (2.0 × 10^−7^ m s^−1^), d*v/*d*t* is the rate of volume increase (4.0 × 10^−17^ m^3^ s^−1^), \[K~i~^+^\] is the internal concentration of K^+^ ions (1.25 × 10^2^ mol m^−3^), is the total flux of K^+^ into the cell (5.0 × 10^−15^ mol s^−1^), *A*~tip~ is the area of the apical dome through which K^+^ flows (4.0 × 10^−10^ m^−2^) and is the flux density of potassium at the tube tip (1.25 × 10^−5^ mol m^−2^ s^−1^). Our estimated K^+^ flux is several times greater than the maximum rates measured by [@PLR019C60], perhaps due to the difficulty of the vibrating electrode method. The minimum theoretical energy cost of K^+^ influx can be estimated as the work done by the moving ions, as current times voltage, across the plasmalemma, where is flux density of monovalent charged ions (5.0 × 10^−15^ mol s^−1^), Δ*E* is the membrane electrical potential (0.10 V), *N* is Avogadro\'s number (6.023 × 10^23^ atoms mol^−1^) and *F* is Faraday\'s constant (6.241 × 10^18^ electrons per coulomb) so that the ion flux represents an energy cost () of 5.3 × 10^−11^ J s^−1^. With ATP hydrolysis able to supply 55 kJ mol^−1^ ([@PLR019C79]), this flux would require 1 × 10^−15^ mol of ATP per second, or ∼2--3 % of the total ATP supply of a growing pollen tube (Table [1](#PLR019TB1){ref-type="table"}). The proton motive force also supplies the free energy for uptake of sugars, so this estimate is almost certainly a minimum. [@PLR019C60] report that H^+^ influx accompanies K^+^ influx at the pollen tube tip. If K^+^ influx requires a one-to-one influx of H^+^ ([@PLR019C67]), then the electrogenic plasmalemma H^+^ ATPase would have to consume one ATP per H^+^ pumped to maintain the electrochemical gradient, at a rate of 5 fmol s^−1^ for a total energy cost of 10--15 % of cellular ATP synthesis ([@PLR019C86]; [@PLR019C6]; [@PLR019C67]). Interestingly, when a pollen tube stops respiring, growth stops, but plasmolysis does not become apparent ([@PLR019C82]). Possibly the pollen tube stops growing because of a drop in turgor pressure that is due to insufficient ATP to maintain the membrane potential and keep K^+^ flux high ([@PLR019C102]). In tobacco, it has been shown that H^+^ ATPases are excluded from the tip but occur all along the shank where a low but constant H^+^ efflux of ∼0.4 pmol cm^−2^ s^−1^ has been detected ([@PLR019C13]). If we assume that an efflux occurs along the entire shank of ∼0.4 pmol cm^−2^ s^−1^, then the ATP cost would be roughly 0.2 fmol of ATP grain^−1^ s^−1^, or roughly 0.5 % of the ATP budget of the cell. However, this measured efflux does not match the theoretical amount of pumping described above. In addition, [@PLR019C60] found no H^+^ efflux from the shank of lily. It is difficult to reconcile the conflicting data with the absolute need to balance and support the rapid influx of ions at the tip.

Protein and starch synthesis {#s2h}
----------------------------

Unimbibed pollen is relatively quiescent in terms of metabolism ([@PLR019C19]). Shortly after imbibition, lily pollen begins rapid starch synthesis from sugars ([@PLR019C22]). Presumably, these stores will supply the growing pollen tube with energy as it moves down the style. Synthesis of proteins and cell wall materials will consume even more ATP ([@PLR019C54]). [@PLR019C112] estimated that a growing lily pollen tube would need to add 1.6 µm^3^ s^−1^ of pectin to the tip to maintain average growth rates (Fig. [1](#PLR019F1){ref-type="fig"}, PI). The cost of cell wall polyhexose synthesis has been calculated at 55 kJ mol^−1^ of monomer ([@PLR019C79]). Given a pollen tube of 18 µm diameter, a wall thickness of 0.2 µm and a growth rate of 0.2 µm s^−1^, the pollen tube would have to export 804 fg s^−1^ of cell wall material ([@PLR019C112]). This would cost the cell 4.15 × 10^−15^ mol of ATP grain^−1^ s^−1^, or ∼10 % of the cell ATP budget.

Proteins must also be synthesized for pollen tube growth as new proteins will be needed for the ever-expanding plasma membrane and cell wall, as well as for replacing any turnover. It is unlikely, however, that this is a major draw on energy for several reasons. In experiments using cycloheximide and \[^3^H\]leucine, [@PLR019C34] show that in rapidly respiring pollen very little leucine is incorporated. Most surprisingly, in rapidly respiring tri-cellular Compositae species, cycloheximide does not inhibit growth or respiration, although in the low-respiring bi-cellular species tested it prevents germination ([@PLR019C34]). As already noted, tri-cellular species have more mature mitochondria ([@PLR019C33]) and therefore need not produce protein for respiration. These data suggest that the amount of protein synthesis, and therefore the energy necessary, would be species dependent. In more recent work, [@PLR019C83] examined the ability of pollen carrying mutant alleles of components of eIF3 to germinate. Both eIF3 subunits are represented by single genes in arabidopsis and are ultimately necessary for complete fertility. However, pollen lacking functional copies of these two genes can still germinate and grow, though at a reduced rate. This supports the idea that a large amount of protein translation is unnecessary for growth, suggesting that it probably is not a large energetic drain (Table [1](#PLR019TB1){ref-type="table"}) ([@PLR019C34]).

Vesicle transport {#s2i}
-----------------

We have described the potential energy drain of maintaining turgor. The other side of maintaining the growth balance is regulating extensibility of the cell wall. This is modulated, at least in part, by vesicle transport (Fig. [1](#PLR019F1){ref-type="fig"}, FM4-64 and PI), exocytosis and the constant synthesis of new wall material. Inspection of the ultrastructure of the apical clear zone of the pollen tube shows a dense population of vesicles ([@PLR019C43]). As the cell grows, new pectin and wall enzymes must be constantly secreted ([@PLR019C55]; [@PLR019C102]). It is entirely unclear how much energy it takes to maintain the secretory pathway in pollen. In other systems, it requires surprisingly little. In *Escherichia coli*, ATP production can be reduced to as little as 10 % of the normal without disrupting exocytosis. Carbonyl cyanide *m*-chloro phenyl hydrazone (CCCP), an H^+^ ionophore, knocked out all exocytosis ([@PLR019C74]). The pollen tube must add a great deal of cell wall and many of the steps in exocytosis use GTP hydrolysis. It seems quite likely that more ATP is necessary for exocytosis in the pollen tube than in a bacterium. However, similar studies are lacking in plants.

Actin {#s2j}
-----

The actin cytoskeleton of pollen tubes has received a great deal of attention ([@PLR019C95]; [@PLR019C16]; [@PLR019C15]; [@PLR019C97]; [@PLR019C28]). The shank of the pollen tube contains many delicate filaments and bundles that are constantly remodelled as the cell grows. At the tip, there is a prominent, dynamic cortical structure variously described as a fringe or a mesh (Fig. [1](#PLR019F1){ref-type="fig"}) ([@PLR019C49]; [@PLR019C17]; [@PLR019C97]). Actin dynamics require prodigious amounts of energy in the form of ATP. Each G-actin monomer has a bound ATP, which facilitates assembly into F-actin. While no studies have addressed the net energy utilization in pollen tubes, using embryonic chicken neurons [@PLR019C4] showed that roughly 50 % of ATP utilization in these cells was from actin-ATP hydrolysis (Table [1](#PLR019TB1){ref-type="table"}). Moreover, in the neuron, the bulk of organelle motility is from interactions with microtubules. In pollen tubes, organelle movement and vesicle transport occur through interactions with actin ([@PLR019C51]; [@PLR019C110]). This suggests that an even larger portion of the energy budget may come from actin dynamics. As the actin cytoskeleton has been shown to be critical for tip growth, it is unclear what happens to the actin cytoskeleton in the absence of respiration, although growth can occur in the presence of respiratory inhibitors and in anoxic conditions ([@PLR019C88]; [@PLR019C82]) (Fig. [1](#PLR019F1){ref-type="fig"}B).

Cyclosis {#s2k}
--------

Most plant cells exhibit cyclosis but, in the pollen tube, streaming takes on a particularly dramatic 'reverse fountain' form ([@PLR019C10]). The mechanism leading to cytoplasmic streaming involves the interaction between myosin XI tethered organelles and F-actin ([@PLR019C40]; [@PLR019C94]). Actin-disrupting drugs stop cyclosis in *Nitella pseudoflabellata* ([@PLR019C25]). Because both myosin and actin consume ATP, and because myosin XI has very high ATPase activity in *Chara coralina* ([@PLR019C36]), it was thought that cyclosis would require large amounts of ATP. Surprisingly, [@PLR019C105] found that only a small pool of myosin is active at any given time and therefore ATP utilization to maintain cyclosis would be quite low: they estimate 0.2 % of the dark respiration (Table [1](#PLR019TB1){ref-type="table"}). This study did not actually measure or inhibit respiration but, instead, relied on measurements of active myosin. Therefore, they may have underestimated energy utilization. When lily pollen respiration is inhibited by oligomycin, cyclosis continues despite a cessation of growth, suggesting that cyclosis does not consume a large proportion of the energy before inhibition ([@PLR019C82]). From these data we conclude that maintenance of cyclosis accounts for a very small percentage of the energy budget of pollen tubes.

We have discussed several prominent examples of energy-utilizing processes in the pollen tube. If we return to the formulation, *r* = *r*~G~ + *r*~U~ + *r*~M~, we have now partially addressed the first two terms, growth and membrane transport. However, the maintenance function has only been touched on. In addition, ROS have been shown to be important for growth ([@PLR019C75]; [@PLR019C45]). What is the energetic cost to their production? Unfortunately, the energetic considerations are beyond the purview of most studies of pollen tube growth. Yet, to understand the *in vivo* system, we must understand the energy that the pollen tube devotes to a particular process. It seems likely that actin dynamics and the maintenance of turgor require a large percentage of the pollen tube\'s energy budget, whereas vesicle trafficking and streaming require significantly less.

Energy homeostasis {#s2l}
------------------

Overall plant growth can vary from day to day and from month to month, depending on the amount of light and nutrients available. But the pollen tube\'s mandate does not depend on weather and climate; the pollen tube must get to the ovule. Accomplishing this requires balancing the uptake of sugars, starch synthesis, starch utilization and energy production. In yeast and mammals, the master regulator of energy homeostasis is sugar non-fermenting 1 (SNF1) and AMP-activated protein kinase, respectively ([@PLR019C108]). In yeast, the protein mediates the shift from fermentative to oxidative metabolism in part by sensing the AMP/ATP ratio ([@PLR019C108]). It also regulates the sources of carbon---whether to use fatty acids, sugars or non-fermentable carbon sources (J. [@PLR019C108]). The plant orthologue of SNF1, SnRK1, is not as well characterized, although significant progress has been made in recent years ([@PLR019C1]; [@PLR019C72]; [@PLR019C32]). As in yeast and mammals, SnRK1 has been implicated in many different pathways; for example, it is involved in stress signalling, abscisic acid signalling, starch synthesis and starch breakdown ([@PLR019C90]; [@PLR019C32]). Essentially, it is the central regulator of the carbon status of the cell ([@PLR019C1]). In the model moss *Physcomitrella patens*, a deletion mutant for SnRK1 fails to accumulate starch and grows poorly with malformed chloronema and caulonema ([@PLR019C90]). In potato tubers, overexpression of SnRK1 increases starch accumulation and decreases glucose concentration ([@PLR019C56]).

As already noted, pollen tube metabolism involves a phase of starch accumulation followed by starch utilization ([@PLR019C22]). Furthermore, as has been shown in several studies, pollen is capable of both fermentation and respiration ([@PLR019C19]; [@PLR019C7]; [@PLR019C87]; [@PLR019C82]). A role for SnRK1 in pollen tube metabolic regulation seems probable. In *Hordeum vulgare* transformed with an antisense SnRK1 construct, pollen is abnormal and the plant is male sterile ([@PLR019C107]). In arabidopsis, the beta subunit, which is thought to confer target specificity, has been shown to be expressed in most tissues, including growing pollen tubes ([@PLR019C73]).

The role of SnRK1 in pollen tube energy homeostasis remains to be explored. In lily pollen, when respiration is curtailed ([@PLR019C82]), the cell pauses briefly, ∼5 min, before beginning to grow again, now using fermentation. Although it is possible that the pollen tube begins transcribing and translating the machinery for fermentation, it seems likely that the fermentative pathways are either already active, or ready to be activated potentially by SnRK1. This hypothesis is in keeping with the results from the Kuhlemeier lab ([@PLR019C7]; [@PLR019C87]; [@PLR019C88]), which show that anaerobic fermentation operates constitutively in Solanaceae pollen.

Mitochondria in pollen tube growth {#s2m}
----------------------------------

### Mitochondrial localization: acto-myosin interactions and Ca^2+^ {#s2m1}

Mitochondria play a prominent role in maintaining the high rate of growth and energy transduction in the pollen tube. The specific localization of mitochondria to places of high energy demand is an emerging paradigm in both plants and animals. For example, significant attention has been given to neurons ([@PLR019C35]; [@PLR019C52]; [@PLR019C46]; [@PLR019C9]). Although clearly neurons and pollen tubes are evolutionarily divergent cells, they are both highly polarized with large energy needs. Recent research suggests that mitochondrial positioning in neurons relies on Ca^2+^ concentration as well as the ratio of ADP to ATP. These molecules directly interact with the KIF2-Milton-Miro complex that regulates mitochondrial movement on microtubules ([@PLR019C9]). These interactions result in positioning mitochondria at locations in the cell where there is a large need for energy. In pollen tubes, similar positioning has been noted by several authors ([@PLR019C11]; [@PLR019C51]; [@PLR019C82]; [@PLR019C110]). Mitochondria accumulate in large numbers ∼20 µm behind the apex of the cell (Fig. [1](#PLR019F1){ref-type="fig"}, Mito-FM). These mitochondria also appear to have a very high membrane potential, in keeping with the ATP needs of tip growth ([@PLR019C11]; [@PLR019C82]). However, in contrast to neurons, mitochondria in pollen tubes, as in plants generally, rely on actin instead of microtubules for localization ([@PLR019C51]; [@PLR019C69]; [@PLR019C76]; [@PLR019C110]). In pollen tubes, the evidence largely comes from inhibitor studies in which the anti-actin reagents, latrunculin B and jasplakinolide, interfere with mitochondrial positioning ([@PLR019C51]) and dynamics ([@PLR019C110]). Additional evidence comes from work with arabidopsis that shows that myosin XI is involved directly in mitochondrial movement in leaves and root hairs ([@PLR019C76]). In myosin XI-k and myosin XI-2 deletion mutants, root hairs fail to grow; however, the plants show no apparent male gametophyte defect possibly because a different myosin is involved ([@PLR019C76]). Interestingly, when aerobic respiration is inhibited and lily pollen tubes are growing using strictly anaerobic fermentation, mitochondria no longer accumulate directly behind the apex despite the continued cyclosis ([@PLR019C82]). It is unclear what regulates the apical accumulation of mitochondria in pollen tubes. However, it is tempting to speculate that the organelles must produce enough ATP for the myosin molecules that carry them along actin.

In plants and animals, mitochondria have also been shown to buffer Ca^2+^ ([@PLR019C99]; [@PLR019C9]). Although many studies have been conducted concerning the Ca^2+^ gradient at the tip of pollen tubes, the potential impact of mitochondrial Ca^2+^ buffering has not received as much attention. Arabidopsis root hairs have a Ca^2+^ gradient similar to the one in pollen tubes ([@PLR019C64]), and a recent study investigated the potential role of mitochondria in this gradient. Using the mitochondria-specific Ca^2+^ dye rhod-2, [@PLR019C99] showed a high Ca^2+^ gradient in the tips of root hairs. Intriguingly, treatment with latrunculin B and jasplakinolide caused a loss of mitochondrial Ca^2+^ through the irreversible opening of the permeability transition pore ([@PLR019C99]). It seems quite possible that mitochondria buffer Ca^2+^ and may even play a role in forming the tip-localized Ca^2+^ gradient ([@PLR019C10]).

Prospects {#s2n}
---------

Much of the research on pollen tube growth over the past decade has focused on molecular mechanisms that contribute to growth. These studies have elucidated critical molecular pathways and have led to a much greater understanding of tip growth in plants. It is important to emphasize that tip growth does not occur only through a series of protein--protein interactions. While these interactions are clearly necessary, they take place within a physiological context, which to some extent is dominated by movement of ions, metabolites and water. It is the unification of these two ways of studying growth that will be most informative. In the current review, we focus on the energetic requirements and adaptations of pollen tube growth, an area that has received much less attention in recent years.

Many questions concerning pollen tube energetics remain to be explored. One of the most interesting recent findings concerns aerobic fermentation. [@PLR019C30] showed that the PDH bypass operates in petunia, giving a competitive advantage to pollen tubes. Experiments in which respiration or the PDC pathway is inhibited could lead to a greater understanding of the energy demands of different processes in the growing pollen tube ([@PLR019C82]). Can membrane trafficking continue in the absence of respiration? Are actin dynamics inhibited by a drop in respiration? Production of ROS has been shown to be critical to tip growth and generally occurs in the mitochondria. Can ROS play an important role in a pollen tube in which respiration has been inhibited? Chondriome dynamics must be regulated by both energy needs and protein interactions. It has already been shown that myosin XI is necessary for mitochondrial actin interactions, but what other proteins are involved? It is also unclear whether mitochondria play a role in Ca^2+^ buffering in the pollen tube or whether Ca^2+^ itself regulates mitochondrial positioning. The compelling findings concerning SnRK1 suggest that it may play a role in the energy homeostasis of pollen tubes, yet its mechanistic roles are uncertain. The pollen tube represents an excellent system to unravel these questions.
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